2 Summary Many navigating insects include the celestial polarization pattern as an additional visual cue to orient their travels. Spontaneous orientation responses of both walking and flying fruit flies (Drosophila melanogaster) to linearly polarized light have previously been demonstrated. Using newly designed modular flight arenas consisting entirely of off-theshelf parts and 3D-printed components we present individual flying flies with a slow and continuous rotational change in the incident angle of linear polarization. Under such openloop conditions, single flies choose arbitrary headings with respect to the angle of polarized light and show a clear tendency to maintain those chosen headings for several minutes, thereby adjusting their course to the slow rotation of the incident stimulus. Importantly, flies show the tendency to maintain a chosen heading even when two individual test periods under a linearly polarized stimulus are interrupted by an epoch of unpolarized light lasting several minutes. Finally, we show that these behavioral responses are wavelength-specific, existing under polarized UV stimulus while being absent under polarized green light. Taken together, these findings provide further evidence supporting Drosophila's abilities to use celestial cues for visually guided navigation and course correction.
Introduction
Like many other animals, insects have developed the ability to efficiently navigate the most complex environments. Over several decades, evidence has accumulated showing that different insect species combine a multitude of visual stimuli in order to take fast and reliable navigational decisions (reviewed in: 1 ). Amongst these cues, the celestial polarization pattern serves as a robust visual stimulus informing the heading choices of many navigating insects [1] [2] [3] . Since Karl von Frisch first described the ability of honeybees to orient their waggle dances using merely a small patch of sky that did not include the sun as a landmark, many insects have also been shown to integrate the directional information provided by the skylight polarization pattern into their repertoire of visual cues 4 . Importantly, this ability is not restricted to central-place foragers like bees or desert ants that rely on visual cues to find their way back to their hive or nest 5, 6 . For example, both diurnal and nocturnal ball-rolling dung beetles have been shown to use the celestial polarization pattern to set a straight path away from the food source where both predators and competitors may aggregate 7, 8 . In this case, dung beetles show the tendency to maintain the same heading over repeated trials 6 . The tendency of other walking insects to set and maintain heading choices under a linearly polarized stimulus remains less well characterized. Although spontaneous behavioral responses to rotating polarization filters (polarotaxis) were demonstrated for crickets and flies when walking on air-suspended balls under laboratory settings [9] [10] [11] , clear characterizations of angular heading choices are missing for these experiments. Similarly, behavioral data for flying insects (other than honeybees), especially when using virtual flight arenas remains relatively scarce 1, 2 . Oriented flights of suspended monarch butterflies under a polarized stimulus have been demonstrated, yet its ethological significance remains somewhat controversial, due to conflicting reports [12] [13] [14] . Probably the most valuable recent progress comes from the fly Drosophila melanogaster: spontaneous responses of flying Drosophila to linearly polarized light using virtual flight arenas have been demonstrated, both under the natural sky, as well as using an artificial stimulus generated in the laboratory using commercially available polarization filters 15 , [16] [17] [18] . Most importantly, flies were shown to choose arbitrary angular headings with respect to the orientation of the e-vector of the polarized stimulus and showed the tendency to maintain this navigational decision over several minutes, even when the stimulus presentation was perturbed for several minutes 18 . Nevertheless, fairly little is known about the navigational capabilities of free-living fruit flies (reviewed in 19 ). Catch-and-release experiments from a fixed point in the desert suggested that Drosophila (melanogaster and pseudoobscura) disperse into all directions equally and are able to keep straight headings over extended periods of time, while flying in environments which provide few visual landmarks 20, 21 . For a better quantitative understanding of the mechanisms underlying such processes, skylight navigation experiments using virtual flight arenas therefore serve as an attractive platform for the study of the navigation skills of wild type insects, thereby providing the platform for testing transgenic specimens harboring well-defined circuit perturbations 22, 23 .
The retinal basis of celestial polarization vision across insects is well understood: in virtually all cases, specialized ommatidia located in the 'dorsal rim area' (DRA) of the adult eye are morphologically and molecularly specialized for this task 24 . In flies, DRA inner photoreceptors R7 and R8 express the same UV Rhodopsin Rh3 which is localized within untwisted light-sensing rhabdomeres, resulting in high polarization sensitivity 22, [25] [26] [27] [28] [29] [30] [31] [32] . Since rhabdomeres of DRA R7 and R8 of a given ommatidium are oriented orthogonally to each other, these two cells form an opponent analyzer pair 22, 30 . Like in other insects, analyzer directions of DRA ommatidia change gradually along the DRA, forming a 'fan-shaped array' of polarization detectors 33 . Due to the monochromatic Rhodopsin expression in DRA R7 and R8, navigational decisions of Drosophila in response to linearly polarized light should be limited to the UV range of the spectrum 22,24 , whereas light of longer wavelengths should not elicit orientation responses to this stimulus.
Interestingly, different insect species express blue-sensitive Rhodopsins in their polarizationsensitive DRA photoreceptors (crickets, locusts) 34, 35 , and in some cases green-sensitive Rhodopsins were reported (cock chafers) 36 . Although these different Rhodopsin choices seem 5 to reflect adaptations to different ecological niches, the exact ethological reason for these differences remain incompletely understood 37, 38 . Increasing evidence also points towards many insects (including flies) being capable to detect linearly polarized light through a DRA-independent channel (reviewed in 39 ). Experiments from Drosophila have shown that these polarotactic behaviors are not UV-specific, since behavioral responses can be elicited using polarized green light presented to the ventral half of the retina 16, 22 . Although incompletely understood, these behaviors could be indicative of a so-far poorly understood system in which retinal detectors are used to detect linearly polarized reflections. Such reflections could be used by insects to seek out or avoid water surfaces, evaluate oviposition sites, or even detect prey 2, 39 .
Previously, we have designed new and modular assays for studying visual navigation of single, flying flies in easy-to-build virtual flight arenas (for a detailed description, see https://doi.org/10.1101/527945 and www.flygen.org/skylight-navigation). Using this 'open-loop' setup, we now tested heading decisions of individual flies flying under a slowly rotating polarization filter. In agreement with previous studies, we find that flies initially choose a heading with respect to the orientation of the incident polarized light that varies between individuals and shows no preference for certain headings over the entire population tested (arbitrary headings).
In the configuration used in our new assays, the rotation of the polarization filter therefore forces the fly to constantly adjust its heading in order to hold its original heading decision constant. By quantifying the fly's ability to adjust its heading relative to the changing e-vector over time we show that the behavioral performance varies greatly within a population, yet a similar behavior is never observed under unpolarized UV light, or linearly polarized green light. Importantly, flies show the tendency to maintain this heading over several minutes: we show that flies that perform well in following the e-vector within a 5-minute experiment show a high tendency to choose a similar heading in a second experiment, even when interrupted by a 5-minute interval of 
Results
The aim of this study was a quantitative analysis of heading choices recorded from single flies flying under a slowly rotating polarization filter. We reasoned that flies that commit to a specific heading angle with respect to the incident angle of polarization would show a tendency to hold this angle constant and therefore correct for the slow rotational drift of the stimulus.
New virtual flight arenas for studying skylight navigation in flies
In order to study heading choices of flies flying under linearly polarized light, we used a slightly modified version of the setup previously described by Mathejczyk and Wernet (https://doi.org/10.1101/527945). In short, by combining 3D printed mechanical parts with off-theshelf hardware and computer vision methods we were able to quantify the behavioral responses of flying Drosophila (glued to a metal pin) to a constantly rotating e-vector of linearly polarized light presented dorsally ( Figure 1A ). This setup allowed individual magnetically tethered flies to rotate around their yaw axis, while keeping the flies' position relative to the dorsal light stimulus constant. The polarization state of the dorsally presented stimulus was altered by shining light through a switchable filter 'sandwich' consisting of diffuser paper and a linear polarizer with either the polarizer or the paper facing the fly 10, 11, 22 . This allowed for switching between two experimental conditions in which the degree of polarization was either 0% (unpolarized) and almost 100% linearly polarized while keeping light intensity between trials constant ( Figure 1B ).
Due to the placement and size of the upper magnet (for holding the fly in place), the stimulus extended over a 28° wide concentric ring in the flies' dorsal field of view ( Figure 1C ). By filming the flies from below and extracting their body axis angles over time using image processing their heading choices in response to the rotating e-vector were quantified ( Figure 1D ).
Flying Drosophila follow a slowly rotating e-vector at an arbitrary angular distance In order to achieve a more robust quantification of behavioral responses compared to rapid changes in e-vector orientation 17 Figure 4 ). Quality of behavioral performance (polarotaxis intervals) and preferred heading were quantified as described above. It appears that in these trials each fly choses a different preferred heading with respect to the incident angle of polarization (circular plots). Taken together, the preferred heading angles of all tested flies during their first linearly polarized UV trial (PolUV1) were distributed over the whole angular range ( Fig. 5A,C) . Importantly, although the quality of behavioral performance (number of polarotaxis intervals, i.e. time spent following the rotating e-vector) varied greatly between individuals, it did not correlate with the angular heading choice of the animals (Fig. 6A ). Hence, unlike previous studies on walking fly populations 22 , no tendency for a fixed preferred angular heading choice was found across flying individuals.
Arbitrarily chosen headings are maintained between trials Finally, we tested whether the amount of time that the flies spent following the e-vector (number of polarotaxis intervals, i.e. quality of behavioral performance) within the first linearly polarized UV trial (PolUV1) correlates with the tendency of the flies to choose a similar preferred heading in a second consecutive trial (PolUV2) that was separated from the first by an interruption (5 min of UVunpol). We found that the better the flies' performance within the first trial (more time spent following the e-vector in PolUV1), the higher the likelihood of them choosing a similar heading in the second trial ( Figure 6A ). During both PolUV1 and PolUV2 intervals, the probability of tested flies for following the rotating e-vector increased during the 5 min trial ( Figure 6B ). In contrast, the overall lower polarotactic values obtained in control conditions (UVunpol and PolGreen) showed no similar increase over time.
Discussion
Navigating insects rely on the detection and integration of a wide variety of visual cues, like celestial bodies (sun, moon, milky way), intensity gradients, and chromatic gradients 1 . In addition, the celestial pattern of linearly polarized light serves as an attractive orientation cue that many insects use 2, 40, 41 . Spontaneous behavioral responses of both walking and flying Drosophila to linearly polarized light ('polarotaxis') have been demonstrated in the past, using both population assays, as well as single fly assays [16] [17] [18] 22, 33, 42, 43 . In all these experiments, much care was given to the control and avoidance of intensity artifacts that can result in behavioral decisions that are in fact independent of the linearly polarized component of the stimulus (reviewed in 15 ). However, some of the successful solutions presented in the past included components whose reproduction assays is in no way limited to skylight navigation or the study of polarized light vision. With few simple modifications they could be modified for studying behavioral responses to moving stimuli [44] [45] [46] [47] , shapes 48 , colors 49 , or celestial bodies 23 . Similarly, the setups can easily be modified to house a spherical treadmill, for studying the visual behavior in walking flies. Finally, application is in no way limited to just Drosophila or other flying insects. We hope that the assays used here (and to be published elsewhere in great detail, including assembly instructions) can serve as a platform from which many other assays optimized for many other species could evolve from.
Using these new virtual flight arenas, we show that individual flies choose arbitrary headings under a linearly polarized stimulus, and when summed over all individuals tested, all chosen headings appear to spread randomly. This finding is in good agreement with recently published studies, although these were using a rather different kind of stimulation system 18 . In further agreement with these past studies, we also find that flies show a clear tendency to keep their chosen heading over several minutes, which indicates that any given fly attempts to maintain its chosen heading. Given the considerable gap in knowledge about the ethology of Drosophila, these data provide further support for a potential role of polarization vision in guiding long-range navigation behaviors that have been reported for flies [19] [20] [21] . In contrast, we show that single flies flying under a linearly polarized green stimulus displayed no comparable polarotaxis, which was to be expected due to the fact that polarization-sensitive R7 and R8 photoreceptors in the dorsal rim area (DRA) 24 of the fly eye both express the UV-sensitive Rhodopsin Rh3 [27] [28] [29] . Nevertheless, behavioral responses to linearly polarized stimuli with longer wavelengths have also been reported in the past 16, 22 , especially when presented ventrally, and the retinal detectors responsible are not known 22, 39 .
Our experiments show that well-performing flies show a clear tendency to maintain their chosen heading, even when interrupted by a period of unpolarized stimulation. These data again provide independent support for previous studies 18 and reinforce the idea that a generalist fly like Drosophila melanogaster is indeed capable of using skylight polarization for maintaining a chosen course over longer times, which is crucial for achieving more complex navigational tasks [19] [20] [21] . Like previous studies, we aimed at quantifying the quality of behavioral responses, since we expected Even after tight control of food quality, rearing conditions, temperature, and humidity, the flies' cooperation in these experiments remains unpredictable. How much this variability could depend on the fly's motivational state or navigational decision making remains to be investigated.
Interestingly, even within a given 5 min recording, flies do not necessarily follow the rotating evector permanently, but may transition into and out of polarotactic periods (Figure 2A) . This demonstrates the usefulness of this experimental setup for further studies on the dynamics and modulation of polarotactic behavior (and potentially underlying decision making processes), for instance in response to different internal states. Finally, our experiments reveal no significant differences in the behavioral performance of male versus female flies. This was to be expected since catch-and-release experiments did not reveal any sex differences in Drosophila's tendency to disperse 20, 21 . Furthermore, the size and structure of DRA ommatidia does not differ in a systematic way, between sexes. Although male-specific, Fruitless-expressing neurons have been characterized in the Drosophila brain, none of them appear to be clustered in the dorsal periphery of the visual system 50, 51 .
Many insect species use the celestial polarization pattern in conjunction with other visual stimuli like celestial bodies, intensity gradients, chromatic gradients, and landmarks 1 . The hierarchy in which these stimuli are combined might differ between species as well as depending on context. One recent study reported that single Drosophila flying in a virtual flight arena are also able to use an artificially generated celestial body (the sun) as a reference to choose a heading (menotaxis) 23 , a behavior that requires 'compass neurons' in a central brain region known as the central complex 52 . This function is therefore in good agreement with physiological properties described for these neurons in locusts 53 . Classic data from larger insects 5 , as well as more recent studies from Drosophila 54 are beginning to elucidate the neural circuitry of the 'compass pathway', along which menotactic and polarotactic information are being integrated by the insect brain, 
